Polymer foams with controlled and templated pore size have been obtained for the first time by CO 2 gas dissolution foaming from poly(methyl methacrylate) (PMMA) films. This kind of materials, with a variable porous structure, mimic some high-performance natural materials and could present significant interest in many applications. However, up to now their controlled fabrication has not been successfully achieved. Herein, we present a method to achieve a fine control in the production of such materials. Thermal in situ synthesis of ZnO nanoparticles from Zn(OAc) 2 was proposed to obtain PMMA nanocomposites, in which the ZnO nanoparticles induce heterogeneous nucleation that leads to formation of pores with size below the micron, upon CO 2 foaming. Starting from templated solid PMMA samples with well-differentiated regions, presenting or not ZnO nanoparticles, it was possible to obtain PMMA-based foams with well-defined areas of different pore sizes.
Introduction
Polymer foams are lightweight materials widely employed in several industries such as the automobile, aerospace, transportation, packaging, and construction. In addition to the weight reduction, polymer foams can present interesting thermal/acoustic insulation, energy absorption, flexibility, and excellent mechanical properties [1] . Therefore, the increasing market demand for materials with higher performances and lower weights promotes the continuous research on the development of improved polymer foams. For instance, polymer foams with improved mechanical properties could allow significant weight reductions in transportation, decreasing energy consumption and CO 2 emissions [2] ; whereas an enhanced thermal insulation can provide similar advantages on the households heating, supporting a sustainable development [3] .
Since the 1980s, with the development of microporous polymer foams at Massachusetts Institute of Technology [1] , it has been clearly demonstrated that the pore size plays a key role on the macroscopic physical properties of polymer foams. This concept has been further supported in the last years with the development of nanoporous polymer foams, which have shown a wide range of improved or even unexpected physical properties due to their pore size well below the micron [3e13] . Nanoporous polyetherimide (PEI) foams have shown increased strain to failure and tensile toughness compared to microporous PEI foams [6] ; whereas nanoporous poly(methyl methacrylate) (PMMA) foams have shown higher modulus of elasticity, higher impact strength, and improved hardness with respect to microporous PMMA foams [7] . Furthermore, these materials have shown increased thermal insulation performances due to Knudsen effect [3, 8, 9] . This effect happens when the pore size values become comparable to the mean free path of the air molecules (about 70 nm under standard conditions), decreasing significantly the air thermal conductivity inside the pores [14] . Finally, previous works also found a modification of the dielectric and acoustic properties of PMMA foams when the pore size decreases from the micro to the nanometric range [10, 11] , as well as an increase of the polymer matrix Tg associated to the molecular confinement of the PMMA chains in the thin pore walls (with a thickness below 100e150 nm) [12, 13] .
The experimental confirmation of these advantages of the nanoporous polymer foams have recently increased the academic and industrial interest in the production of these materials. In the last years, gas dissolution foaming using CO 2 as physical blowing agent has become one of the preferred routes for the fabrication of nanoporous polymer foams [4,5,8,9,12,15e39] . This technique presents several advantages, such as its environmental friendliness, absence of chemical residues, and easy processability [4, 5, 8, 9] . However, the production of nanoporous foams using this technique requires reduced pore coalescence and coarsening, as well as very high pore nucleation ratios [4,40e43] . This can be achieved by employing amorphous polymers with high glass transition temperature, such as PEI or PMMA, whose large viscosity prevents pore coalescence if the foaming step is conducted in the right processing window [31, 44] . On the top, very high pore nucleation ratios require polymers with high CO 2 affinity (e.g. PMMA) and the use of extreme processing conditions (e.g. very high gas saturation pressure and/or very high pressure drop rate) (homogeneous nucleation) [12, 18, 21, 42] or the addition of nucleation agents to the polymer (heterogeneous nucleation) [15,16,18,19,45e48] . From an industrial point of view the use of nucleation agents is preferable, as they allow production of nanoporous foams using mild processing conditions (i.e. increasing the safety of the procedure and decreasing the costs) [18] .
Focusing on PMMA, which according to the literature is one of the most promising polymers to obtain nanocellular foams [12,15e18,25,28,34,35,46] , two kinds of nucleation agents have been successfully employed so far: nanostructured block copolymers and nanoparticles. Poly(methyl methacrylate)-b-poly(-butyl acrylate)-b-poly(methyl methacrylate) (MAM) triblock copolymers have been employed by Pinto et al. [18] and Forest et al. [15] to obtain nanoporous foams with pore sizes of about 100e200 nm and relative densities of about 0.4e0.5. In these works, blends of PMMA and MAM showed a well-defined nanostructuration, which controls the pore nucleation independently of the foaming parameters, allowing to obtain one pore by each initial nanodomain and achieving a pore nucleation density about 4 Â 10 14 pores per cubic centimetre of the solid precursor [18] .
Whereas Costeux and Zhu [16] introduced silica nanoparticles in a PMMA matrix to promote the nucleation, obtaining similar pore sizes with the previous approach (about 100 nm) but a significantly lower relative density of 0.15 due to a remarkable higher pore nucleation (over 10 16 pores per cubic centimetre of the solid precursor). Therefore, the use of nanoparticles (NPs) as nucleation agents in polymers seems to be a suitable approach to provide pore nucleation densities high enough to obtain low density nanocellular foams. However, in the production of nanocomposite materials, the NPs dispersion is the most critical parameter to control [49] . It is well known that nanoparticles arising from flame pyrolysis or wet chemistry cannot be easily re-dispersed in polymeric matrices, by simply using the conventional mixing methods, due to their strong tendency to form micrometric agglomerates [50] . For overcoming such drawback, an alternative and innovative method is the so-called "in situ synthesis of NPs" in which the desired filler is directly synthesized in a hosting polymeric solid matrix, therefore preventing the NPs aggregation [50] . Typically, a previously dispersed precursor is converted in the desired NPs by a simple thermal treatment [51, 52] Then, taking advantage of this procedure we studied the possibility to obtain foams with a controlled and templated porous structure, presenting distinct nanoporous and microporous areas that follow a pre-existing NPs template obtained by a selective in situ synthesis of the NPs. Polymer foams with a controlled pore size gradient have been proposed as a way to reach improved acoustic insulation [62] or electromagnetic interference shielding [63] , as well as to mimic high-performance biological structures (e.g. bones) [64] . A few attempts to obtain this kind of structures using CO 2 foaming can be found in the literature [64, 65] . Yu et al. [64] obtained PMMA, polystyrene (PS), and poly(lactic acid) (PLA) foams with a pore size gradient induced by the presence of a metallic film on one of the faces of the polymer precursor; obtaining the best results with PLA, which presented a pore size gradient between 13 and 40 mm. Ngo et al. [65] employed a specific foaming setup, including a foaming vessel in which PMMA long strips (25 cm) were foamed under a temperature gradient, obtained a heterogeneous expansion of the PMMA strip which leads to different porosities and pore sizes, but always with cell sizes in the microporous range. In this work PMMA/Zn(OAc) 2 samples were subjected to heterogeneous thermal treatment where one half was heated up to 100 C while the other half was kept at 0 C. After this treatment the samples presented a well-defined template with half of them being composed by PMMA/ZnO NPs and the other half by PMMA/Zn(OAc) 2 . Finally, PMMA-based foams with controlled tunable pore size between the nanometric and micrometric range were obtained by CO 2 foaming. As far as we know, this is the first time that the in situ synthesis of NPs has been employed for the production of nanoporous foams, as well as the first time that polymer foams with controlled and templated pore sizes, simultaneously in the micro and nanometric ranges, have been obtained.
Experimental section

Materials
Poly(methyl methacrylate) (PMMA, average molecular weight~350 kDa), Zinc acetate dihydrate (Zn(OAc) 2 
hydrochloridric acid (HCl, 37%, ACS reagent) and nitric acid (HNO 3 , 70%, ACS reagent) were purchased by Sigma Aldrich (Milan, Italy). All reported chemicals were high-purity reagents and they were used as received without any further purification. Medical grade CO 2 (99.9% purity) was used as blowing agent.
Preparation of PMMA/ZnO nanocomposite
200 g of PMMA were dissolved in 20 mL of toluene overnight by heating at 60 C on a hot plate. Afterwards, 5.4 mg of Zn(OAc) 2 were dissolved in 1.2 mL of 2-propanol by ultrasonic bath (LBS 2, Falc) for 30 min at 59 kHz, and subsequently by stirring for 3 h at room temperature and 1 h at 45 C.
The Zn(OAc) 2 solution was then added to PMMA solution and left under vigorous stirring for 15 min at room temperature. The soobtained mixture was sonicated by probe sonicator (Vibra Cel, Sonics) using three pulses (intensity 20 kHz, 15 s each and pulse amplitude of 50%). 5 mL of the final mixture were cast in a circular Teflon mould (38 mm diameter Â 5.5 mm depth) and left to dry under an aspiration hood for 24 h. Finally, the dry films were detached from the mould and further dried for 6 h under dynamic vacuum in order to completely remove the possible entrapped solvent.
PMMA/Zn(OAc) 2 films (precursor content is about 2.7 wt%) were annealed in an oven at 110 C for 14 h in order to thermally activate the in situ synthesis reaction for obtaining ZnO NPs (about 1 wt% with respect to the PMMA, assuming a full conversion of the precursor [55] ). This amount of precursor/ZnO NPs was determined as optimum for this application, lower amounts do not provide pore nucleation densities high enough to obtain nanoporous foams, while higher amounts presented an inappropriate NPs dispersion.
Neat PMMA films were also prepared following the same production route (i.e. solution in toluene and then casted in the Teflon mould) for comparison purposes.
Heterogeneous thermal treatment of PMMA/Zn(OAc) 2 films
PMMA and PMMA/Zn(OAc) 2 film samples with 30 mm length, 4 mm width, and 30 mm thickness were heterogeneously annealed using a setup in which half the sample was in contact with a heating tape (100 C) and the other half was in contact with a cold source (about 0 C) for 14 h (details of this setup can be found in the Supplementary Information).
Foaming of PMMA-based films
Foaming experiments were carried out in a high pressure vessel (model PARR 4681, Parr Instrument Company, USA), with a capacity of 1 L and capable of operating simultaneously at maximum temperature of 350 C and maximum pressure of 41 MPa. The vessel is equipped with an accurate pressure pump controller (model SFT-10) provided by Supercritical Fluid Technologies Inc. (USA), and controlled automatically to keep the temperature and pressure at the desired values. The foaming production route followed using this system was the so-called solid state foaming [33] , composed by three stages. In the first stage the polymer samples are introduced into the pressure vessel under a controlled CO 2 high pressure and temperature up to saturation. Then, the pressure is released and the samples are extracted from the vessel, and finally the foaming of the samples is induced by immersion in a thermal bath to heat the samples over the effective glass transition temperature (T g,eff ) of the polymer/CO 2 system. Saturation parameters have been chosen as the minimum required to allow a clear foaming of PMMA, PMMA/Zn(OAc) 2 , and PMMA/ZnO films. With this aim saturation pressure was fixed at 20 MPa and saturation temperature at 60 C, being the saturation time 24 h for all the experiments. It was found that lower pressures or temperatures do not allow the foaming of some of the materials under study. On the contrary, higher pressures or temperatures allow the foaming but introduce undesired effects. Higher pressures induce a very high homogeneous nucleation which hinder the effect of the heterogeneous nucleation induced by the ZnO nanoparticles; whereas higher temperatures result in pore coalescence and pore sizes in the micrometre range for all the samples. Finally, the foaming stage was carried out in a water bath at room temperature (RT) for 3 min. It should be noticed that the T g,eff of the PMMA/CO 2 system can reach values even below room temperature (RT), and therefore the foaming process could start just after the pressure release without need of further heating [44] , but this foaming stage was introduced to ensure the same thermal evolution and foaming conditions for all the samples. In addition, it is well-known that the gas dissolution foaming of thin polymer films require to restrict the gas diffusion through the faces of the films [23] . Therefore, the foaming procedure of the PMMA-based films presented in this work was carried out using a specific mould that restricts this diffusion and allows the simultaneous foaming of several samples with 30 mm length, 4 mm width, and 30 mm thickness (see details in the Supplementary Information).
Characterization techniques
Absorption spectra of the free-standing thermal treated films were recorded on Varian Cary 6000i UVevisibleeNIR spectrophotometer (UVevis) in double beam configuration using PMMA/ Zn(OAc) 2 (about 2.7 wt%) as a reference sample. The films thickness (approximately 30 mm) was measured using a micrometre (Coolant Proof Micrometre, Mitutoyo) in order to normalize the absorbance, taking into account the optical path. The normalized optical absorption, at about 271 nm, was then plotted as a function of the heating time in order to obtain a kinetic curve of the NPs formation process.
In addition, the presence of the Zn(OAc) 2 or ZnO NPs in the PMMA matrix, and therefore the completion of the synthesis procedure, was further confirmed by X-Ray diffraction (XRD) measurements using a PANalytical Empyrean X-ray diffractometer equipped with a 1.8 kW CuKa ceramic X-ray tube (l. 1.5418 A), PIXcel [3D] 2 Â 2 mm 2 area detector and operating at 45 kV and 40 mA. The reflections were collected at room temperature using parallel-beam geometry and symmetric reflection mode, in the range 25e70 2q using a step time of 500 s and a step size of 0.1 , repeating the measurement four times in order to reduce the signal noise. XRD results were analysed using HighScore 4.1 software (PANalytical). Morphology and dimensions of the primary particles were investigated by a JEOL JEM-1011 transmission electron microscopy (TEM) equipped with a tungsten thermionic electron source, operating at 100 kV. About 0.005 g of the nanocomposite, was dissolved in 1 mL toluene and left stirring overnight. The obtained solution was sonicated for 1 h, and then a small drop (5 mL) was placed on a copper grid (300 Mesh Cu Carbon only) followed by drying at room temperature. The obtained TEM images were analysed and processed (about 50 NPs were measured) by FIJI/ImageJ open-source software [66] in order to evaluate the particles' size distributions.
The solid and porous samples' morphology was investigated by a JEOL JSM 7500FA high resolution scanning electron microscope (HR-SEM) equipped with a cold field emission gun, applying an accelerating voltage of 10 kV and a chamber pressure of 9.6 Â 10 À5 Pa. The cross-sections were prepared by fracturing the specimens in liquid nitrogen and the so-obtained cross-sections were coated with 10 nm thick carbon layer by a carbon coater (Emitech K950X high vacuum turbo system, Quorum Technologies Ltd) in order to impart electrical conductivity. Average pore size (4 3D ), porosity (V f ), and pore nucleation density (N o ) (number of pore nuclei per cm 3 of the solid precursor) were obtained from the HR-SEM micrographs using a specific software based on FIJI/ImageJ [66, 67] .
Results and discussion
In situ synthesized ZnO NPs
The kinetics of the ZnO NPs formation within the PMMA matrix was followed by monitoring the UVevisible absorption spectra of the samples at different times of annealing at 110 C (Fig. 1a) . In particular, the representative kinetics curve presented in Fig. 1b is extrapolated by plotting the absorption intensity at 271 nm. This peak is typically attributed to the exciton transition of the small ZnO clusters [61, 68, 69] . As shown in Fig. 1a, already after 1 h the characteristic absorption band of ZnO NPs arises from the background in the near UV region. Increasing the time of the thermal treatment, the intensity of the absorption band increases linearly up to 3 h, as also clearly shown in the curve reported in Fig. 1b . After this initial increase, the slope of the kinetic curve decreases, and after 8 h of annealing no significant increments in the absorption of the formed NPs are observed. For this reason 14 h were chosen as thermal treatment time.
The formation of the ZnO NPs was further confirmed by the XRD measurements presented in Fig. 2 . As expected the neat PMMA does not show any reflection peaks, but only a wide band typical of the amorphous material. Before the thermal treatment the composite sample clearly shows only reflections attributed to Zn(OAc) 2 (JCPDS file 00-056-0569), whereas after the thermal treatment that reflections disappear and peaks attributed to the presence of the ZnO NPs arise from the background, demonstrating that the thermal decomposition of the precursor occurred, leading to the formation of ZnO NPs characterized by hexagonal crystalline structure, typical of Zincite phase (JCPDS file 01-079-0206).
Before starting the thermal treatment, the PMMA/Zn(OAc) 2 films present a morphologically homogeneous cross-section ( Fig. 3a and b) characterized by the presence of sheet-like submicrometric aggregates representative of Zn(OAc) 2 , as shown by the TEM image in Fig. 3c . However, after a thermal treatment of 8 h, well-defined ZnO NPs homogeneously grow throughout the polymeric films as depicted in Fig. 4a . Increasing the thermal treatment time to 14 h an increase of the quantity of NPs is observed as shown in Fig. 4b . Therefore, it was decided to use a 14 h thermal annealing for the production of the PMMA/ZnO films employed in the foaming experiments.
The morphology, composition and dimensions of NPs were further investigated by the TEM (Fig. 4c and further images in Fig. 5a and b) that confirmed the rather spherical uniform shape of the particles, while the electron diffraction patterns, displayed in Fig. 4d , confirm that in situ synthesized NPs are composed by crystalline ZnO, in good agreement with XRD results reported in Fig. 2 . Moreover, the primary particles have average diameter of 6.5 ± 1.2 nm as shown in the particles size distribution in Fig. 5c . 2 , and PMMA/ZnO NPs (after 14 h thermal annealing) were subjected to the solid-state foaming process described in the Materials and Methods section. Fig. 6 shows characteristic porous structures obtained for the three types of materials, whereas 3 . The results clearly demonstrate that the ZnO NPs improve the foaming behavior of the PMMA films by inducing a heterogeneous nucleation in the PMMA matrix, which allows decreasing the pore size of the foamed films below the micron. These results are supported by previous works, in which was established that the critical nucleation radius for the PMMA/CO 2 system for saturation pressures between 10 and 30 MPa should present values between 0.2 and 8 nm, and therefore, individual nanoparticles with sizes in that range, such as the ZnO NPs herein reported (6 nm), can induce the heterogeneous nucleation [16, 18] . It should be noted here that the pore nucleation density achieved with the ZnO NPs could be not enough to obtain low or medium density nanoporous foams [4] ; however, it is expected that further enhancement of the production route, employed for the first time in this work for the production of polymer foams, will overcome this limitation.
Templated PMMA-based films
The clear differences found on the pore nucleation density between the PMMA/ZnO NPs and both PMMA and PMMA/Zn(OAc) 2 should be sufficient to develop templated PMMA-based foams with variable pore sizes at different regions throughout their volume. For this reason, PMMA/Zn(OAc) 2 films were subjected to the heterogeneous thermal annealing described in the Materials and Methods section, with the aim to obtain a templated film with welldifferentiated PMMA/ZnO NPs and PMMA/Zn(OAc) 2 regions. The developed setup for the heterogeneous thermal annealing successfully controlled the temperature in both regions, since after the 14 h annealing process it was proved by thermographic analysis that the heated region of the film presents a temperature about 100 C, whereas the other region remains at 0 C, with just a small transition area between both regions (see Fig. S2 in the Supplementary Information). Taking into account the thermographic results from several samples, as well as other experimental results described in the following sections, it was possible to identify the average length of each region. For a film of 30 mm long the annealed part at 100 C was 12.5 mm, followed by a 5 mm transition length, and finally the last 12.5 mm of the film were always kept at 0 C (Fig. 7) .
With the aim to prove the efficiency of the thermal treatment it was analysed by XRD the presence of ZnO and/or Zn(OAc) 2 in both regions, as well as in the transition area, as shown in Fig. 7 .
XRD results perfectly confirm the heterogeneous thermal annealing of the samples. The region kept at 0 C only presents the peaks corresponding to the Zn(OAc) 2 , whereas the region annealed at 100 C clearly shows only the peaks corresponding to the ZnO NPs (see Fig. 2 for comparison) . Moreover, the transition area presents peaks of both Zn(OAc) 2 and ZnO NPs. Therefore, it was demonstrated that using a simple heterogeneous thermal treatment it is possible to obtain templated PMMA-based films, with diverse compositions at different areas, where only a selected region presents homogeneously distributed ZnO NPs.
Foaming of templated PMMA-based films
Finally, the templated PMMA-based films were subjected to the same foaming procedure employed for the neat PMMA, PMMA/ Zn(OAc) 2 , and PMMA/ZnO NPs films (described in the Materials and Methods section). SEM micrographs of the resulting porous structures in the three distinct regions of the templated PMMA-based films are shown in Fig. 8 .
Clear differences are found between the porous structure of the region annealed at 100 C and the region kept at 0 C, with an increased number of smaller pores present in the first one, which is in good agreement with the presence of ZnO NPs nucleation agents in this region and their absence in the other. Moreover, the transition region seems to present an intermediate behavior, which corresponds to the partial conversion of Zn(OAc) 2 into ZnO NPs (see Fig. 7) . A more detailed analysis of the porous structure was carried out in 5 areas along the templated PMMA-based films (two in the annealed zone, one in the intermediate zone, and other two in the non-annealed zone), with the aim to ensure the presence of a different pore nucleation density between the annealed and not annealed regions. Fig. 9 summarizes the main obtained results, pore size and pore nucleation density evolution, whereas Table 2 provides also the porosity of each region of the foamed templated film. First, it should be noticed that a different pore size is obtained at the regions with and without ZnO NPs, with the pore size increasing from about 500 nm to more than 1 mm (Fig. 9) . Moreover, the evolution of the pore nucleation density along the templated PMMA-based foamed samples (Fig. 9) shows a behavior which agrees with their production process. The region annealed at 100 C (PMMA/ZnO NPs) shows a rather constant pore nucleation density about 2e3 x 10 12 nuclei/cm 3 , in the same order of magnitude with the PMMA/ZnO NPs films (see Table 1 ). Then, the pore nucleation density starts to decrease in the transition area as a consequence of the incomplete conversion of PMMA/Zn(OAc) 2 into PMMA/ZnO NPs. Finally it reaches significantly lower values about 2e3 x 10 11 nuclei/cm 3 in the region that was kept at 0 C (PMMA/Zn(OAc) 2 ).
Although two regions with clearly differentiated pore size and pore nucleation density were obtained throughout the templated PMMA-based foam, some differences between the templated and the homogeneous PMMA-based films should be discussed. It can be seen that the porosity of the templated PMMA-based foams is rather constant along the diverse regions (between 0.12 and 0.20), being in the same range with the PMMA/ZnO NPs foams (0.20, see Table 1 ). Thus, the PMMA/Zn(OAc) 2 region of the templated foams was not able to reach the same expansion with the homogeneous PMMA/Zn(OAc) 2 foams (porosity 0.59, see Table 1 ), most likely due to the physical continuity of the templated sample (i.e. the expansion of the PMMA/Zn(OAc) 2 region is constrained by the low expansion of the PMMA/ZnO NPs region). On the other hand, this rather constant porosity allows a direct comparison between the . Pore size and pore nucleation density evolution along the templated PMMA-based film (region annealed at 100 C in red, transition area in orange, and region kept at 0 C in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) more accurate information about the pore nucleation, as it is expected that its low expansion freezes the pore evolution virtually just after the pore nucleation. On the contrary, the PMMA/Zn(OAc) 2 homogeneous foams could present pore coalescence or/and coarsening during the pores' growth that prohibit the calculation of an accurate pore nucleation density, since this is obtained from the final pore density and porosity of the porous structure [67] . It is well-known that the simultaneous presence of pores with significant differences in size in the early stages of the pores' growth, such as the ones shown by the PMMA/Zn(OAc) 2 region of the templated foam, promotes the coarsening of the pores during the subsequent stages of the pores' growth (see Supplementary Information) [70] . This coarsening at the subsequent foaming stages could be possible only in the homogeneous PMMA/Zn(OAc) 2 samples, whereas it was prohibited in the templated samples due to the restricted expansion of the PMMA/Zn(OAc) 2 area. The presence of few very big pores near the borders of the PMMA/Zn(OAc) 2 area of the templated foams are a further indication of pore coarsening that could not be realized in the central part of this area due to its low expansion (see Fig. S4 in the Supplementary Information). Therefore, the pore sizes found in the PMMA/Zn(OAc) 2 foams, bigger than the ones of the PMMA foams (see Table 1 ), are mainly a consequence of the coarsening favored by the presence of the Zn(OAc) 2 .
Finally, it should be noticed that the design of the experiments (see Materials and Methods section), as well as the foaming mould (see Fig. S3 ), ensures that all the foaming parameters (e.g. temperature in each stage, gas diffusion in/out of the sample) are the same along the PMMA-based films. Therefore, the differences found in the pore nucleation densities cannot be related to other parameter than to the presence or absence of the ZnO NPs. Therefore, we can safely claim that the spatially selected in situ synthesis of nanoparticles is a suitable approach to obtain polymer foams with a tunable templated pore size. Moreover, it is expected that this approach can be further optimized, including also the use of laser radiation as initiator of the NPs synthesis [55] to obtain templated samples with a faster procedure and more precise and complex templates.
Conclusions
PMMA-based templated foams with controlled pore sizes have been obtained for the first time by gas dissolution foaming, taking advantage of the in situ synthesis of ZnO NPs into selected areas of the polymer matrix. First, it was demonstrated that it is possible to completely convert the Zn(OAc) 2 precursor incorporated in the PMMA into crystalline ZnO NPs after 14 h of thermal treatment at 100 C. Using this method, ZnO NPs with well-controlled mean particles size of 6.5 ± 1.2 nm have been homogeneously distributed in the polymer matrix. Secondly, it was proved that upon foaming process the previously formed ZnO NPs present a favorable effect on the pore nucleation inside the composite matrix. Indeed, the PMMA/ZnO NPs nanocomposite foams had pore sizes below the micron, whereas the neat PMMA foams showed pore sizes of 4 mm under the same conditions. Finally, by a heterogeneous thermal treatment of PMMA/Zn(OAc) 2 samples were obtained templated heterogeneous PMMA-based films with varying distributions of ZnO NPs throughout the films. These templated heterogeneous PMMA composite samples allowed for the first time, using CO 2 foaming, the production of templated foams, with welldifferentiated regions of tunable pore nucleation density and pore size, as a consequence of the presence of different concentrations of ZnO nanoparticles.
This new kind of process can allow the development of polymer foams with improved properties and an unusual templated porous structure, which can confer a superior performance in applications such as acoustic insulation or electromagnetic interference shielding, as well as provide the basis for the development of new functions. 
